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Supersymmetry and Broken Symmetries at High Temperature

Antonio Riotto(!) and Goran Senjanovié(?)
() Fermilab National Accelerator Laboratory, Batavia, Illinois 60510
@ International Center for Theoretical Physics, 34100 Trieste, Italy
(February, 1997)

It is generally believed that internal symmetries are necessarily restored at high temperature in
supersymmetric theories. We provide simple and natural counterexamples to this no-go theorem for
systems having a net background charge. We exemplify our findings on abelian models, for both
cases of global and local symmetries and discuss their possible implications.

PACS: 98.80.Cq

A. Introduction. When heated up, physical sys-
tems undergo phase transitions from ordered to less or-
dered phases. This deep belief, encouraged by everyday
life experiences, would tell us that at high temperature
spontaneously broken symmetries of high energy physics
get restored. This, in fact, is what happens in the Stan-
dard Model (SM) of electroweak interactions. Whether
or not true in general is an important question in its
own right, but it also has a potentially dramatic impact
on cosmology. Namely, most of the extensions of SM
tend to suggest the existence of the so called topological
defects and it is known that two types of such defects,
1.e.domain walls and monopoles pose cosmological catas-
trophe. More precisely, they are supposed to be produced
during phase transitions at high temperature T' [1] and
they simply carry too much energy density to be in ac-
cord with the standard big-bang cosmology. One possible
way out of this problem could be provided by eliminating
phase transitions if possible. In fact, it has been known
for a long time [2] that in theories with a more than one
Higgs field (and the existence of topological defects re-
quires more than one such field in realistic theories) sym-
metries may remain broken at high T, and even unbro-
ken ones may get broken as the temperature is increased.
This offers a simple way out of the domain wall prob-
lem [3], whereas the situation regarding the monopole
problem is somewhat less clear [4]. Unfortunately, the
same mechanism seems to be inoperative in supersym-
metric theories. Whereas supersymmetry (SUSY) itself
gets broken at high 7', internal symmetries on the other
hand get necessarily restored. This has been proven at
the level of renormalizable theories [5], and a recent at-
tempt to evade it using higher dimensional nonrenormal-
izable operators [6], has been shown not to work [7].

All the papers mentioned above have an important as-
sumption in common: the chemical potential is taken
to be zero. In other words, they assume the vanish-
ing of any conserved charge. On the other hand, it
has been known that in nonsupersymmetric theories the
background charge asymmetry may postpone symmetry
restoration at high temperature [8], and even more re-
markably that it can lead to symmetry breaking of in-
ternal symmetries, both in cases of global [9] and local
symmetries [10] at arbitrarily high temperatures. This
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is simply a consequence of the fact that, if the conserved
charge stored in the system is larger than a critical value,
the charge cannot entirely reside in the thermal excited
modes, but it must flow into the vacuum. This is an in-
dication that the expectation value of the charged field is
non-zero, i.e. that the symmetry is spontaneously bro-
ken. From the work of Affleck and Dine [11] we know that
there is nothing unnatural about large densities in SUSY
theories. The most natural candidate for the large den-
sity of the universe is the lepton number that may reside
in the form of neutrinos. In fact, this is precisley what
is assumed in [10]. Now, one may fear that the usual
washout of B + L number due to sphalerons will predict
the baryon and lepton numbers to be equal, which would
be disastrous. However, there is a catch here. If the
standard model symmetry is not restored at high tem-
perature, sphaleron effects get exponentially suppressed,
and the usually assumed B + L washout becomes inef-
fective [12]. Thus the large lepton number can coexist
with a small baryon number. Furthermore, it should be
stressed that a large lepton number is perfectly consis-
tent with the ideas of grand unification. It can be shown
that in SO(10) one can naturally arrive at a small baryon
number and a large lepton number [13].

It is the purpose of this Letter to demonstrate that rea-
sonably large charge densities (with the chemical poten-
tial smaller than temperature) provide a natural mech-
anism of breaking internal symmetries in SUSY at arbi-
trary high temperature. We exemplify our findings on
simple abelian models, with both global and local sym-
metries, and leave the generalization to nonabelian sym-
metry for a future publication. However, before present-
ing our results we wish to make some comments regarding
background charge asymmetries.

B. Chemical potential: generalities. Let us assume
that associated with some unbroken abelian symmetry,
either global or local, there exists a nonvanishing net
background charge Q@ = (n — 7))V, where V is the phys-
ical volume of the system and n and #i are the particle
and the antiparticle density distributions

d3p 1
"= / (2m)3 e B-P/T £ 1 (1)

and A(p) = n(—g). In the above + refers to fermions




and bosons respectively and p is the chemical poten-
tial associated with the charge @. It is easy to show
that for fermions (which is all we need here) jo = 3 =
Ly p3(n?uT?) for p > T (u < T), where g, denotes
the number of degrees of freedom. Now, if these parti-
cles are in equilibrium with the photons, then n — n <
n+# o ny ~ T2 and thus (n — ) /ny < 1 implies p < T'.
We shall stick to this reasonable physical assumption. In
general, u has temperature dependence dictated by the
charge conservation constraint. In an expanding Uni-
verse V ~ T~3 and thus the fact that @ remains constant
during the expansion implies u/T = const. This simple,
but important observation plays a crucial role in what
follows.

C. Global abelian charge. The simplest supersym-
metric model with a global U(1) symmetry is provided
by a chiral superfield ¢ and a superpotential

W= 293, (2)
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It has a global U(1) R-symmetry under which fields
transform as ¢ — €'%¢ and ¢ — e~¥*/2¢), where ¢ and
¢ are the scalar and the fermionic component of the su-
perfield ®. Thus the fermionic and bosonic charges are
related by 2Qy + Q¢ = 0, or in other words the chemical
potentials satisfy the relation p = pg = —2uy.

Now, the main point here is that the presence of a
nonvanishing net R-charge leads already at tree-level to
a mass term for the scalar field with a “wrong” (negative)
sign after canonical momenta have been integrated out in
the path integral [8, 9]. The one-loop high temperature
effective potential receives dominant contributions from
p# and T for a small Yukawa coupling A <« 1 and reads
(for p<T)[8,9]

Ve(®) = (- + V1) 694 RO @)

The above result is not new; it has been found before in
the case of charged scalar fields [8, 9]. The important new
ingredient here is that it holds in the case of supersym-
metry, since we may safely ignore the one-loop fermionic
contribution in the chemical potential term, being of the
order A\2u2¢t$ and suppressed by small A. Of course,
the fermions enter in the 72 mass term and the coeffi-
cient 1/2 reflects that. Obviously, for u? > A\2T?%/2 the
symmetry is spontaneously broken at high temperature
and the field ¢ gets a vacuum expectation value (VEV)
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This result is valid as long as the chemical potential y is
smaller than the scalar mass in the (@)-background, i.e.
#* < m3 = 2X%(¢)? [9]. This in turn implies 4 > AT. In
short, for a perfectly reasonable range

AXI'<pu<T (5)

the original U (1) g global symmetry is spontaneously bro-
ken and this is valid at arbitrarily high temperatures (as
long as the approximation of A small holds true).

Notice that, in all the above we have assumed unbroken
supersymmetry. When supersymmetry is softly broken,
U(1)r gets also explicitly broken because of the pres-
ence of soft trilinear scalar couplings in the Lagrangian.
Therefore, the associated net charge vanishes and the
reader might be worried about the validity of our result.
However, the typical rate for U (1) g-symmetry breaking
effects is given by T' ~ m?/T, where we have indicated
by m ~ 102 GeV the typical soft SUSY breaking mass
term. Since the expansion rate of the Universe is given by
H ~ 30T?/Mp;, Mp; being the Planck mass, one finds
that U (1) g-symmetry breaking effects are in equilibrium
and the net charge must vanish only at temperatures

smaller than Tgg ~ 7712/3M11,£3 ~ 107 GeV. Therefore, it
is perfectly legitimate to consider the presence of a non-
vanishing R-charge at very high temperatures even in the
case of softly broken SUSY.

Thus, we have provided a simple and natural coun-
terexample to the theorem of the restoration of inter-
nal symmetries in supersymmetry [5]. The situation
here is completely analogous to what happens in the
non-supersymmetric scalar field theory with potential
V = m?¢'é + A\(¢14)? described in [9]. The presence
of a nonvanishing chemical potential for the associated
U(1) global charge makes it possible for the global sym-
metry to be broken at arbitrarily high temperatures even
in the case m? > 0. This is a consequence of the fact
that the charge cannot be stored in the thermal excited
modes, but it must reside in the vacuum and this is an
indication that the expectation value of the charged field
is non-zero, i.e. that the symmetry is spontaneously bro-
ken.

D. Local gauge charge. It has been known for a long
time [10] that a background charge asymmetry tends to
increase symmetry breaking in the case of a local gauge
symmetry. In his work, Linde has shown how a large
fermion number density would prevent symmetry restora-
tion at high temperature in both abelian [10] and non-
abelian theories [14]. The essential point is that the ex-
ternal charge leads to the condensation of the gauge field
which in turn implies the nonvanishing VEV of the Higgs
field. This phenomenon may be easily understood if one
recalls that an increase of an external fermion current
Jj leads to symmetry restoration in the superconductiv-
ity theory [15]. In gauge theories symmetry breaking is
necessarily a function of j2 = jZ — j%, where jo is the
charge density of fermions. An increase of jo is therefore
accompanied by an increase of symmetry breaking [10].
We now demonstrate that this phenomenon persists in
supersymmetric theories, at least in the case of abelian
symmetry.

The simplest model is based on U(1) supersymmetric
local gauge symmetry. The minimal anomaly free matter
content consists of two chiral superfields ®+ and &~ with




opposite gauge charges and the most general renormaliz-
able superpotential takes the form

W =md+te-. (6)

Notice that the symmetry is not spontaneously broken
at zero temperature. Since there is no Yukawa inter-
action, there is also a global U(1) R-symmetry, under
which the bosons have, say, the same charge and fermions
are invariant. Furthermore at very high temperature,
T > m*3M 11,43, the fermion mass can be neglected and
we get also a chiral U(l) symmetry under which the
bosons are invariant. We may now suppose for simplicity
that there is a net background charge density jo, with
the zero current density and that it lies entirely in the
fermionic sector. In other words we assume the back-
ground charge to be in the form of the chiral fermionic
charge. Thus only the fermions have a nonvanishing
chemical potential. Equally important, we assume that
the gauge charge of the Universe is zero, just as in [10].
In the realistic version of this example, one would imag-
ine the gauge charge to be the electromagnetic one and
the chiral fermionic charge to be, say, the lepton charge
in the MSSM. We know from observation that the elec-
tromagnetic charge of the Universe vanishes to a good
precision. Thus we have to minimize the action with the
constraint that the electric field is zero. What will hap-
pen is that some amount of bosonic charge will get stored
into the vacuum in order to compensate for the fermionic
one and achieve the vanishing of the electric field. In this
way, the total U(1) charge density of the system includ-
ing the charge of the condensate is equal to zero even if
symmetry is broken and the gauge forces are short-range
ones. This is the principal reason behind the resulting
spontaneous symmetry breaking of the local gauge sym-
metry, as we show below. It is crucial thus to have some
nonvanishing external background charge, ¢.e. the model
should have some extra global symmetry as provided by
our chiral symmetry. We can obviously take A; = 0 in
the vacuum and treat Ay on the same footing with the
scalar fields ¢* (due to the net charge Ay cannot van-
ish in the vacuum). If we now integrate out Ao using
its equation of motion, assuming the electric field to be
zero, we can then compute the high temperature poten-
tial for the scalar fields in question at high temperature
and large charge density with the following result

9 12 2 g 2 2\2
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where we have taken T" 3> m and we have included both
scalar and fermionic loop contributions in the 72 mass
term for Ag. Now, except for the D-term, the rest of the
potential depends only on the sum ¢% = |¢+|? + |¢~|?,
and thus the energy is minimized for the vanishing of the

D-term potential, i.e. for |¢+]?> = |¢~|%. It is easy to see
that in this case the effective potential has two extrema:

+
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The second extremum obviously exists only for
. gT8
_—. 9
Jo > 72 (9)

Moreover in that case it is an absolute minimum, while
¢ = 0 is a maximum.

Now, we can rephrase the above condition in the lan-
guage of the chemical potential (using g. =4 ): u > g7
For ¢ <« 1, which is of our interest, y easily satisfies
the condition g < T. As noted above, since Yukawa
interactions are absent, the role of the external charge
may have been played by the R-charge in the scalar sec-
tor, the two scalars being equally charged under this
symmetry. In such a case, the analysis requires care-
ful handling because of issues related to gauge invariance
and we will extensively explore this in a future publica-
tion. We only mention here that the addition of the term
—p (d)]}_ 30 o+ + ¢T_ 30 ¢_) to the Lagrangian requires
a simultaneous addition of the term 2404 (|¢4|% — |¢-?)
to conserve gauge invariance. It is straightforward to
show that, for large enough chemical potential g, the ef-
fective potential at high temperature is again minimized
for vanishing D-term, which results into Ag = 0, and that
|¢|*-terms induced at one-loop are crucial for the exis-
tence of global minimum which breaks local gauge sym-
metry. For the physical realization of this situation the
existence of an extra source is necessary and, in our case,
the latter is provided by the chiral fermionic charge. This
situation is quite different from what happens in a simple
nonsupersymmetric model with local abelian symmetry
and only one scalar field, where only the combination
(Ao + p) appears in the computation and the absence of
an extra source imposes the condition that this quantity
is equal to zero [17].

Thus we have also provided a supersymmetric example
of a local gauge symmetry being broken at high temper-
ature in the presence of a background charge density.

E. Summary and outlook. The main point of our
paper is that internal symmetries in supersymmetric the-
ories, contrary to the general belief, may be broken at
high temperature, as long as the system has a nonvan-
ishing background charge. The examples we have pro-
vided here, based on both global and local abelian sym-
metries, are natural and simple and should be viewed as
prototypes of more realistic theories. The necessary re-
quirement for the phenomenon to take place is that the
chemical potential be bigger than a fraction of tempera-
ture on the order of (1-10)%. Notice that this is by no
means unnatural. In the expanding universe, as we have
stressed before, the chemical potential is proportional to
temperature, and thus unless zero for some reason, p/T
is naturally expected to be of order one. More impor-
tant, this chemical potential could be zero today, all that
is needed is that it is nonvanishing at high temperature.




We have seen how soft supersymmetry breaking may nat-
urally provide such a scenario if there is some nonvanish-
ing external charge.

Now, it is well known that in suspersymmetry the ex-
istence of flat directions may lead to large baryon and
lepton number densities at very high temperature [11].
In any case, we wish to be even more open minded and
simply allow for a charge density without worrying about
its origin. It is noteworthy that a large neutrino number
density may persist all the way through nucleosynthe-
sis up to today [16]. This has been used by Linde [14] in
order to argue that even in SM the SU(2)L, ®U(1)y sym-
metry may not be restored at high temperature. Since
SUSY, as we have seen, does not spoil the possibility
of large chemical potentials allowing symmetry breaking
at high T, it is important to see if our results remain
valid in the case of nonabelian global and local symme-
tries. This work requires particular attention due to the
issues related to gauge invariance and is now in progress.
We only wish to observe here that, if some conserved
charge is present in the system, e.g. the lepton charge
in the minimal supersymmetric extension of the SM, it
will be automatically shared among fermions and scalars
of the same supersymmetric multiplet. However, in the
realistic situation in which supersymmetry is softly bro-
ken, sfermions acquire a mass n and are much heavier
than their fermionic partners. Hence, for temperatures
T smaller than m, the number density of sfermions in
the thermal bath is drastically reduced by the Boltzmann
suppression factor and the external conserved charge will
reside in the fermionic sector. This might render the
analysis easier and make it similar to the one performed
in Section D.

We should stress that there is more than a sole aca-
demic interest to the issue discussed in this paper. If
symmetries remain broken at high temperature, there
may be no domain wall and monopole problems at all.
Furthermore, it is well known that in SUSY grand uni-
fied theories symmetry restoration at high temperature
prevents the system from leaving the false vacuum and
finding itself in the broken phase at low T'. This is a di-
rect consequence of the vacuum degeneracy characteristic
of supersymmetry which says that at zero temperature
the SM vacuum and the unbroken GUT symmetry one
have the same (zero) energy. If the symmetry is restored
at high T, one would start with the unbroken symmetry
in the early universe and would thus get caught in this
state forever. Obviously, if our ideas hold true in realis-
tic grand unified theories, this problem would not arise
in the first place.

To conclude, our abelian examples, based on both
global and local gauge symmetries, show that it is per-
fectly consistent to have a spontaneously broken inter-
nal symmetry in supersymmetric theories. For this to
happen, though, an important condition must be satis-
fied: the system must possess a non negligible chemical
potential, u < T, or in other words a net background
charge. This is the novel and the main point of our pa-

per. The previous works, it should be stressed, indicating
the role of chemical potential in symmetry nonrestoration
at high temperature referred only to nonsupersymmetric
theories. Now, in nonsupersymmetric theories, in many
cases it is possible to achieve high temperature symmetry
breaking even without resorting to charge asymmetries,
whereas it is impossible in SUSY. Generalization of our
results to supersymmetric nonabelian theories is now in
progress.
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